Six novel 1,3,4,5-tetrahydro-2H-1,5-benzodiazepine oximes (1-6) were electrochemically characterized on a glassy carbon electrode by the cyclic voltammetry method in different solvents, at different pH values and varying the potential scan rate. The well-defined first anodic peak was observed in the solvents used and acetate buffer solution while the second oxidation peak was dimished or absent for all studied compounds. All compounds were irreversibly oxidized at positive potentials. The electron transfer process for all investigated compounds was controlled by diffusion. Oxidation potentials were dependent on the molecular structures of investigated compounds as well as on the solvent nature.
INTRODUCTION
Benzodiazepines (BZD) and their polycyclic derivatives are pharmacologically active compounds that have extensive applications in medicine as psychoactive drugs [1] . They are widely used as analgesics, hypnotics, sedatives and antidepressants as well as anti-inflammatory agents [1, 2] . 1,4 and 1,5-BZD are reported to possess distinctive pharmacological effects. 1,5-BZD has received a great attention of medicinal research and a lower incidence of side effects has been reported for new derivatives with enhanced pharmacological activities [3] . 1,4 and 1,5-BZD are used in organic synthesis as precursors of fused polycyclic benzodiazepine derivatives [4] . In addition, various diazepines have been reported as fungicidal and herbicidal agents [5] .
Due to an easily reducible azomethine moiety and a number of other substituted electrochemically active groups, such as nitro, N-oxide and carbonyl groups, BZD are often characterized and detected in biological, pharmaceutical, biomedical and forensic investigations by electrochemical methods [6] . However, research has been focused mainly in the electrochemical cathodic behaviour of the 1,4-BZD, while data related to 1,5-BZD either cathodic or anodic behaviour is limited.
Oximes (=N-OH) are widely used in organic synthesis as intermediates for the preparation of amides via the Beckmann rearrangement and for conversion of noncarbonyl compounds to the carbonyl derivatives [7, 8] . Moreover, oximes belong to a broad class of N-hydroxy compounds which are well-known as redox-active mediators in biocatalytic systems [9] .
Electrochemistry allows one to mimic biological oxidation processes and better understand the redox mechanisms of many biologically significant molecules and pharmaceutically active compounds [10] . Thus electrochemical oxidation of 1,5-BZD may provide better understanding of 1,5-BZD metabolism pathways in vivo.
Six novel 1,3,4,5-tetrahydro-2H-1,5-benzodiazepine oximes have been synthesized and described earlier [11] . Structures of investigated oximes 1-6 are very similar, they differ only by the methyl group position and the number in the diazepine ring (2-3, 4-6). Compounds 4-6 contain a methyl group in the diazepine ring at the 5th nitrogen atom, whereas 1-3 compounds do not.
In this study we have performed the electrochemical characterisation of new compounds by the cyclic voltammetry method. Cyclic voltammograms were recorded for all the synthesized compounds in different solvents, at different pH values and varying the potential scan rate. Glassy carbon electrode was used as a working electrode due to its wide potential range, chemical inertness, impermeability to gases and extremely low porosity [2] .
EXPERIMENTAL

Reagents
Anhydrous acetonitrile (AN), 96% ethanol (EtOH) and anhydrous dimethyl sulfoxide (DMSO) were received from Sigma Chemical Co (USA). Tetraethylammonium tetrafluorborate (TEA-TFB) was received from Aldrich-Chemie (Steinhem) and was used as a supporting electrolyte in organic solutions.
Sodium acetate, acetic acid, potassium phosphate, potassium hydroxide and other reagents were of analytical grade and were received from Sigma. Britton-Robinson buffer (BRB-I) solutions were obtained by titrating a mixture of 20 mM H 3 BO 3 , 20 mM KH 2 PO 4 and 20 mM CH 3 COOH with 0.3 M NaOH until necessary pH [12] . The buffer solutions were prepared by using double distilled water.
The novel 1,3,4,5-tetrahydro-2H-1,5-benzodiazepine oximes (1) (2) (3) (4) (5) (6) (Fig. 1) were synthesized by heating 1,5-benzodiazepinthiones, sodium acetate and hydroxylamine hydrochloride in anhydrous ethanol as was previously described by Kosychova et al. [11] . The glassy carbon electrode was freshly polished with aluminium oxide, treated ultrasonically in water for 10 min and washed with deionized water after every measurement.
Work solutions
Cyclic voltammetry (CV) measurements were performed at room temperature in AN, DMSO, 96% ethanol. 50 mM TEA-TFB was used as a supporting electrolyte in organic solutions. The concentration of compounds was about 1.0 mM.
The dependences of 1-6 compounds oxidation potentials on the buffer solution pH were determined by using Britton-Robinson buffer solutions with different pH in the interval 3.5-11.5, scan rate 0.1 V/s.
Cyclic voltammetry
The electrode potential was varied between 0 and 1 V. Cyclic voltammograms (CV) were registered at several scan rates: 0.025, 0.05, 0.1, 0.25 and 0.5 V/s.
The slope of the oxidation current vs the square root of the potential scan rate was used for calculating the diffusion coefficients by using the Randles-Sevcik equation (Eq. 1) [13] :
.
(1)
Here I p is the peak current value, n is the number of electrons transferred in the redox event, F is the Faraday constant, A is the geometric surface area of the working electrode in cm 2 , c is the bulk concentration of the electroactive species in mol/ cm 3 , R is the universal gas constant, T is the temperature in Kelvin, D is the diffusion coefficient in cm 2 /s of the electroactive species and w is the potential scan rate in V/s.
RESULTS AND DISCUSSION
CV in different solvents
The cyclic voltammetry method was used to investigate the electrochemical oxidation of 1-6 compounds in different solvents. Figure 2 shows the voltammograms of the studied compounds in the acetate buffer solution pH 5.5 (a) and ethanol (b) (potential scan interval 0-1 V).
During the electrochemical oxidation of compounds 1-6 in the acetate buffer solution on scanning in the anodic direction two oxidation peaks were observed in the 0 and 1 V region, while in the reverse sweep symmetrical reduction peaks were absent, which indicated that the oxidation process was irreversible (Fig. 2a) . Conversely, the oxidation of 1-6 compounds in ethanol on scanning in the positive direction resulted in only one oxidation peak, while in the cathodic direction reduction peaks were absent as in the acetate buffer (Fig. 2b) .
Oxidation potentials for compounds 1-3 in ethanol were observed at +0.66-0.72 V interval, while for compounds 4 and 6 they were registered at higher potential values +0.73-0.92 V, e.g. for compound 5 at +0.84-0.92 V. Similar results for the oxidation potentials of 1,5-benzodiazepine oximes are obtained in DMSO and AN, but in AN they were somewhat smaller than in DMSO (Fig. 3) .
In the acetate buffer solution all investigated compounds were oxidized at lower potentials (+0.42-0.57 V) in comparison to oxidation potentials in other solvents used (EtOH, DMSO and AN) ( Table 1) . Also it was noticed that CV of compound 3 (Fig. 3c ) in AN differed from that of compounds 1 and 2, in this case two oxidation peaks at +0.55-0.62 V and +0.80-0.87 V were observed. For compounds 4 and 6 two poorly defined oxidation peaks were also registered, while for compound 5 only one peak was observed ( Fig. 3d-f , Table 1) .
From the data presented in Table 1 , it can be concluded that compounds 1-3 in ethanol, acetate buffer and AN are oxidized at lower potentials than compounds 4-6, i.e. in the latter case oxidation peaks shift to higher potentials. 
Scan rate study
The effect of the voltage scan rate on the oxidation peak current of compounds 1-6 was studied in order to distinguish whether adsorption or diffusion is controlling the electron transfer process (Fig. 4) . CVs were recorded in the range from 0.025 to 0.5 V/s in organic solvents and in the acetate buffer, pH 5. compound and always using a freshly polished electrode surface. As is evident from Fig. 4 , on increasing the voltage scan rate the oxidation peak current increases and the shift of the peak maxima is observed, which is characteristic of irreversible processes [14] .
The influence of the square root of the voltage scan rate (w 1/2 ) on the oxidation peak current showed a linear relationship within the whole range studied (Fig. 5) and the slope varied in the interval 0.42-0.56, which is typical of a diffusion controlled oxidation process, and the corresponding value is presented in literature for 1,5-BZD derivatives [2] . Similar dependences were determined for all synthesized oximes in all solvents used.
Diffusion coefficients of 1-6 compounds were calculated using the Randles-Sevcik equation.
The obtained values were in the 10 -6 cm 2 s -1 range. Table 2 summarizes the obtained values.
The obtained values in ethanol were smallest. Conversely, in DMSO and AN they were largest. In the acetate buffer solution they were in the range (5.7-19.6) × 10 -6 . In all solvents used for 1 compound the diffusion coefficient was the smallest, while for other compounds values were very similar.
pH dependency by CV
The pH is an important factor in the electrochemical behaviour of organic compounds, because protons are always involved in electrochemical reactions. The influence of pH on the electrochemical oxidation of compounds 1-6 was studied by using cyclic voltammetry over a wide pH range between 3.5 and 12.0. The CV responses were recorded in 1.0 mM solutions of the investigated compounds at different Britton-Robinson buffer solution pH and the constant voltage scan rate 0.1 mV/s.
Cyclic voltammograms for 1 compound at the buffer solution pH between 3.5 and 9.0 are presented in Fig. 6 . It clearly illustrates that the peak potential shifts with pH, thus indicating the involvement of protons in the oxidation process. An identical behaviour was exhibited by all investigated compounds. In addition, similar observations were reported in the literature on the oxidation of benzodiazepine derivative flunitrazepam [15] .
It was determined that at more basic buffer solution pH oximes 1-6 were oxidized at significantly lower potential values than in acidic media, e.g. at the most acidic buffer solution pH (3.5) the first oxidation reaction of oxime 1 appeared at 0.5 V, the second one at 0.88 V, whereas at the most basic pH (9.0) at 0.3 V and 0.6 V, respectively. The oxidation peak potentials of all investigated compounds 1-6 were observed to shift to more negative potentials with increasing pH with the plot of the peak potential against pH exhibiting a linear relationship over the pH range of 3.5-9.0. The linear relationships between the first oxidation reaction potential values and media pH were determined for all investigated compounds and are presented in Fig. 6b .
The calculated gradients from the linear part of E p vs pH dependencies are given in Table 3 . As it is known from the literature, the slope from the linear part provides an insight on the number of electrons and protons transferred in the electrochemical process in the case when the process is fully reversible. The slope around 60 mV/pH is characteristic of the same number of electron and proton transfer processes and 30 mV/pH is obtained for a twoelectron and one-proton process [14] .
As it can be seen from the data presented in Table 3 , the slope values are very close to the anticipated Nernstian values. Though, in the case of analysed compounds (1-6) further studies are necessary in order to clarify whether the oxidation reaction is fully irreversible or quasi-reversible and propose a possible redox mechanism.
However, from the data obtained it can be concluded that despite the insignificant differences in the molecular structures of analysed compounds, the first electrochemical oxidation reaction of 1-3 and 4-6 compounds corresponds to a different number of electrons and protons transferred.
It is necessary to mention that for 1-3 compounds in the pH region under 4.0 and over 9.0 the deviation from linearity was observed, which can be associated with the protonation and deprotonation of the target molecule. As was previously determined by the spectrofluorimetric meth od, the pKa of the studied 1-3 compounds is 4.5, 4.6, 4.5 and that of 4-6 compounds is 4.2, 4.4, 4.2, respectively [16. From the literature it is also known that the pKa value for dissociation of the N-OH proton in oximes ranges between 10 and 13 in water [17] , thus the deviation from linearity may be attributed to the deprotonation of the aforementioned N-OH group. 
CONCLUSIONS
Six novel 1,3,4,5-tetrahydro-2H-1,5-benzodiazepine oximes (1-6) were electrochemically characterized on a glassy carbon electrode by the cyclic voltammetry method in different solvents, at different pH values and varying the potential scan rate. All compounds were irreversibly oxidized at positive potentials. The number of the oxidation reactions registered for 1-6 compounds in the studied potential range depended on the solvent nature as well as on the molecular structure. Noticable differences in oxidation potentials appeared for compounds containing a methyl group in the diazepine ring at the 5th nitrogen atom (4-6). The latter were oxidized at higher potentials in all solvents used in comparison to 1-3 oximes. The electron transfer process for all investigated compounds was controlled by diffusion. The investigation of the influence of pH on the electrochemical behaviour of compounds 1-6 showed the involvement of protons in the oxidation process. It was determined that at more basic buffer solution pH the oxidation potentials of oximes 1-6 were significantly shifted to lower potentials in comparison to acidic media. The calculated gradients from the linear part of E p vs pH dependencies showed that the first electrochemical oxidation reaction of 1-3 and 4-6 compounds corresponds to a different number of electrons and protons transferred.
